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1. ABSTRACT 

Mechanical mix tures  of submicron e l e m e n t a l  powders of 

chromium, molybdenum and YaO3 or MgO were d e n s i f i e d  by gas  

p r e s s u r e  bonding fo l lowed by e x t r u s i o n .  

0.15 each  Hf ,  Th, Y a l l o y  thus  f a b r i c a t e d  had an 800°F f low 

s t r e n g t h  of 87 k s i  and a d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tempera- 

t u r e  of approximate ly  20O0F. Cursory o x i d a t i o n  tests of t h i s  

m a t e r i a l  i n  s t a t i c  a i r  i n d i c a t e  t h a t  i t  compares f a v o r a b l y  

w i t h  t h e  most o x i d a t i o n  r e s i s t a n t  c a s t  chromium a l l o y s .  Excess 

oxygen con tamina t ion  i n  t h e  d e n s i f i e d  a l l o y  l e d  t o  an o r d e r  of 

magnitude i n c r e a s e  i n  d i s p e r s o i d  p a r t i c l e  s i z e  and i n t e r p a r t i c l e  

s p a c i n g  du r ing  a one hour  vacuum exposure  a t  2600OF. I n  o r d e r  t o  

e l i m i n a t e  such  growth,  a c l e a n i n g  t echn ique  f o r  removal of i n t e r -  

s t i t i a l s  w a s  developed.  Th i s  p rocess  is capab le  of r educ ing  

oxygen con tamina t ion  i n  a s - m i l l e d  pure  chromium powder t o  130 ppm 

oxygen. 

A Cr-5 v/o Y a O s - l M o -  

8 
I 
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2 .  SUMMARY 

I '  

1. The powder m e t a l l u r g y  p rocess  developed i n  t h i s  c o n t r a c t  i s  c a p a b l e  

of producing  oxide d i s p e r s i o n  s t r e n g t h e n e d  C r  a l l o y s  w i t h  m e t a l l o -  

g r a p h i c  pa rame te r s  which meet p r o j e c t  g o a l s  of  1 . 5  micron 

i n t e r p a r t i c l e  s p a c i n g  (IPS) and 0 . 1  micron p a r t i c l e  s i ze .  

2 .  I n t e r s t i t i a l  contaminat ion  i n  t h e  a l l o y s  produced ,  however, l e a d s  

t o  s e v e r e  d i s p e r s o i d  i n s t a b i l i t y  problems i n  which t h e s e  pa rame te r s  

may i n c r e a s e  by more than  one o r d e r  of magnitude d u r i n g  a one hour  

vacuum exposure a t  2600'F. 

3. The p r i n c i p l e  o f f e n d e r  in  o x i d e  p a r t i c l e  growth i s  oxygen. MgO o r  

Y 2 0 3  combine w i t h  CrzO3 con tamina t ion  p r e s e n t  i n  t h e  as-compacted 

a l l o y  t o  form a double  oxide  ( e . g . ,  Y C r O 3 ) .  T h i s  r e a c t i o n  l e a d s  t o  

vo id  f o r m a t i o n ,  p a r t i c l e  growth and an  a s s o c i a t e d  i n c r e a s e  i n  

i n t e r p a r t i c l e  s p a c i n g  (IPS). 

4 .  A ca rbo the rmic  c l e a n i n g  method has  been developed which i s  capab le  

of r educ ing  oxygen contaminat ion i n  t h e  a s - m i l l e d  pu re  C r  powders 

t o  130 ppm. 

5. Cr -5  v/o Y2O3 powders were c l eaned  a t  2200°F/20 min/vac and e x t r u d e d  

a t  2000°F. The r e s u l t i n g  compact had an  i n t e r p a r t i c l e  s p a c i n g  (IPS) 

of 1 . 6  microns w i t h  a n  average  d i s p e r s o i d  s i ze  of 0.07 micron. 

6 .  T h i s  a l l o y  has  a flow stress of  87 k s i  a t  800'F and a d u c t i l e - t o -  

b r i t t l e  t r a n s i t i o n  tempera ture  of approx ima te ly  200OF. Inadequa te  

powder h a n d l i n g  a f t e r  c l e a n i n g  b u t  p r i o r  t o  d e n s i f i c a t i o n  ( a u t o c l a v e  

2 



I + e x t r u d e )  l e d  t o  r econ tamina t ion  by oxygen and subsequent  d i s p e r s o i d  

i n s t a b i l i t i e s  i n  t h e  above a l l o y .  These i n s t a b i l i t i e s ,  coupled w i t h  

p o s s i b l e  e x c e s s  amounts of r e a c t i v e  e lement  a d d i t i o n s  (REA) caused a 

h o t  s h o r t  t y p e  of i n t e r g r a n u l a r  f a i l u r e  a t  v e r y  low stress ( 2 . 2  k s i )  

d u r i n g  a 2000'F t e n s i l e  t e s t .  

3 



3 .  INTRODUCTION 

I t  was shown p r e v i o u s l y  t h a t  low t empera tu re  ba I mill in:  of 

mechanica l  mix tu res  of chromium, molybdenum cnd an ox ioe  d isper ; :  QruL ucc,. 

powder s i z e  d i s t r i b u t i o n s  which were 3.3% Less t h m  3 . 5  :T ic rom.  Vi cc 11- 

2actc-u t o  f u l l  d e n s i t y  by a u t o c l a v i n g  p l u s  e x t r u s i o n  t h i s  2owdcr m t t a i l u r ~ : ~  

p roduc t  c l o s e l y  approached t h e  m i c r o s t r u c t u r a l  parameter  g o a l s  of 1 . 5  microii 

IPS and 0 . 1  micron p a r t i c l e  s ize .  The d e n s i f i e u  a l l o y  con ta ined  excess  i n t e r -  

s t i t i a l  e l e m e n t s ,  however, which l ed  t o  c o n s i d e r a b l e  d i s p e r s o i d  i n s t a b i l i t y .  

IPS and p a r t i c l e  s i z e  i n c r e a s e d  by an o r d e r  of magni tude ,  r'or exa,.iple, duririg 

a 2600°F/1 h r  thermal  exposure  of t h i s  m a t e r i a l .  D i s p e r s o i d  growth v i s  

accompanied by o t h e r  me ta l log raph ic  i n s t a b i l i t i e s  such a s  g r a i n  growth ,  

r e c r y s t a l l i z a t i o n ,  and vo id  fo rma t ion .  S i n c e  h i g h  teri iperature p r o i x r t i e s  

of d i s p e r s i o n  s t r e n g t h e n e d  m a t e r i a l s  a r e  v i t a l l y  Gepencicnt on a s t a b l e  

m i c r o s t r u c t u r e ,  d i s p e r s o i d  s t a b i l i t y  i s  a n e c e s s a r y  requi rement  i n  t h e  

development of a s u c c e s s f u l  h igh  tempera ture  a lLoy.  

The a p p l i c a t i o n  of chromium a l l o y s  t o  j e t  e n g i n e  hardware demands t h e  

development of an a l l o y  w i t h  usable low t empera tu re  d u c t i l i t y .  The r z a l i z a -  

t i o n  of t h i s  d u c t i l i t y  goa l  i n  oxide  d i s p e r s i o n  s t r e n g t h e n e d  chromium a l l o y s  

may be accomplished by one of t h e  s e v e r a l  i,iechanisms proposed by Hahn and 

R o s e n f i e l d  ( 2 ) .  

may p a r t i a l l y  d e f l e c t  a c r a c k  a f t e r  n u c l e a t i o n ,  t he reby  r a i s i n g  t h c  encrgy  

f o r  p ropaga t ion .  They a l s o  propose t h e  p o s s i b i l i t y  t h a t  g l i d e  d i s l o c a t i o n s  

n u c l e a t e d  a t  t h e  p a r t i c l e  under  the  i n f l u e n c e  of t h e  stress f i e l d  of t h e  c r a c k  

cou ld  e f f e c t i v e l y  b l u n t  t h e  c r a c k  t o  p reven t  f u r t h e r  p r o p a g a t i o n .  Th? 

e f f e c t  of g r a i n  s i z e  on d u c t i l i t y  Kay z l s o  p l a y  an in i ?o r t an t  r o l e  i l i  f i n e  

g r a i n e d  d i s p e r s i o n  s t r e n g t h e n e d  a l l o y s .  S c v z r a l  BCC metals show d e c r e a s i n g  

d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t empera tu re  (DBTT) w i t h  d e c r e a s i n g  g r a i n  s i z e  ( 2  ) . 
T h e r e  is c o n f l i c t i n g  ev idence  i n  t h e  l i t e r a t u r e ,  however, as t o  t h e  e f f e c t  of 

g r a i n  s i z e  on d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t empera tu re  (DBTT) i n  chromium 

One mechanism, f o r  example , is t h a t  second phase p a r t i c l e s  

( F i g u r e  1 ) .  C a i r n s  and Grant  ( ' I ,  for example,  showed t h a t  DBTT 

i n c r e a s i n g  g r a i n  s i z e .  T h i s  was in  c o n t r a d i c t i o n  t o  t h e  resu:l.ts 

i nc reased  v i t o  

of G i l b c r t  ( * )  
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and A l l e n  (6 )who  showed t h a t  DBTT dec reased  w i t h  i n c r e a s i n g  g r a i n  s i z e .  

T h i s  confus ion  is  e v i d e n t l y  t h e  r e s u l t  of a d i f f i c u l t y  i n  s e p a r a t i n g  

g r a i n  s i z e  e f f e c t s  from i n t e r s t i t i a l  p u r i t y  e f f e c t s .  The DBTT i n  chromium 

30 ( 6 )  i n d i c a t e s  t h a t  p u r i t y  is  probably gove rn ing  t h e  r e s u l t s  of 

G i l b e r t  (4) and A l l e n  ( 5 )  s i n c e  chromium 30 r e s u l t s  f a l l  i n  l i n e  w i t h  t h o s e  

of C a i r n s  and Gran t .  Chromium 30 (Cr-MgO) w i t h  a g r a i n  s i z e  of approximate ly  

2 5  mic rons  had a 75'F DBTT d e s p i t e  r e l a t i v e l y  h i g h  i n t e r s t i t i a l  contamina-  

t i o n  ( 0 . 7 %  e x c e s s  oxygen) e v i d e n t l y  as a r e s u l t  of t h e  g e t t e r i n g  a b i l i t y  

of t h e  MgO. T h i s  g e t t e r i n g  a c t i o n  r e s u l t s  i n  d i s p e r s o i d  c o a r s e n i n g  and 

vo id  f o r m a t i o n .  

I f  t h i s  r e a c t i o n  and accompanying void fo rma t ion  could  be  minimized by 

u s i n g  h i g h  p u r i t y  s t a r t i n g  materials,  and f u r t h e r ,  i f  p a r t i c l e  s i z e  and 

IPS cou ld  be  reduced by a t  l e a s t  an o r d e r  of magni tude,  chromium 30 t y p e s  

of m a t e r i a l s  may b e  rendered  d u c t i l e  a t  r o o m  t empera tu re  and s t a b l e  a t  h igh  

t e m p e r a t u r e s .  

5 



4 .  POWDER CLEANING INVESTIGATION 

4 . 1  SOURCE OF CONTAMINATION 

A l l o y s  compacted t o  d a t e  have shown "tramp" i n t e r s t i t i a l  c o n t e n t s  i n  

t h e  r a n g e  from 0.36 t o  1.7%. This  contaminat ion  o r i g i n a t e s  from three main 

s o u r c e s :  i) powder p r o d u c t i o n ,  ii) b a l l  m i l l i n g ,  and iii) powder h a n d l i n g .  

Elementa l  chromium powders purchased fo r  t h i s  i n v e s t i g a t i o n  were produced 

by magnesiothermic r e d u c t i o n  of C r z 0 3  and c o n t a i n  0 .5% oxygen and 0.08% carbon 

as-purchased".  The above oxygen contaminat ion  i n c l u d e s  0.25% MgO which i s  11 

r e s i d u a l  from t h e  o r i g i n a l  r e d u c t i o n  p r o c e s s .  

I n  a d d i t i o n  to t h e  i m p u r i t i e s  i n h e r i t e d  from powder p r o d u c t i o n ,  

a d d i t i o n a l  i m p u r i t i e s  r e s u l t  from t h e  -50°F b a l l  m i l l i n g  t r e a t m e n t .  Adsorp- 

t i o n  of  carbon from ACS grade  t o l u e n e  g r i n d i n g  f l u i d  o n t o  f r e s h l y  produced 

powder s u r f a c e s  r e s u l t s  i n  carbon c o n t e n t s  a s  h i g h  a s  0.7% a f t e r  m i l l i n g .  

The f i n a l  carbon c o n t e n t  of t h e  powder i s  a f u n c t i o n  of b a l l  m i l l i n g  t i m e  

a s  is shown i n  F i g u r e  3. F u r t h e r  oxygen contaminat ion  of t h e  purchased 

powders d u r i n g  powder handl ing  procedures  h a s  been very  s m a l l  a l t h o u g h  

r e c e n t  r e s u l t s  i n d i c a t e  t h a t  a f t e r  c l e a n i n g ,  t h e  powders may be e s p e c i a l l y  

s u s c e p t i b l e  t o  oxygen contaminat ion.  T h i s  problem w i l l  be d i s c u s s e d  i n  more 

d e t a i l  i n  a l a t e r  s e c t i o n .  

6 



4 . 2  CLEANING PROCESSES INVESTIGATED 

S i n c e  t h e  major i n t e r s t i t i a l  contaminants  were oxygen and ca rbon ,  t he  

v a r i o u s  c l e a n i n g  i n v e s t i g a t i o n s  focused  on them. I n i t i a l l y ,  c l e a n i n g  was 

t o  be c a r r i e d  o u t  w i t h  one e l emen t  a t  a t i m e .  T h i s  approach  proved t o  be 

u n s u c c e s s f u l ,  however, and t h e  f i n a l  i n v e s t i g a t i o n  invo lved  removal of b o t h  

oxygen and carbon s i m u l t a n e o u s l y .  

4.2.1 E l i m i n a t i o n  of Carbon 

Carbon con tamina t ion  of t h e s e  powders is  e s p e c i a l l y  c r i t i c a l  s i n c e  

s m a l l  amounts of carbon r e s u l t  i n  e x c e s s i v e  q u a n t i t i e s  of c a r b i d e .  I n  t h e  

compacted a l l o y ,  t h e  volume pe rcen t  of c a r b i d e  is e q u a l  t o  18.3 times weight  

p e r c e n t  of carbon.  Powders w i t h  0.6% carbon and 5 v/o ox ide  cou ld  t h e r e f o r e  

conce ivab ly  c o n t a i n  16  v/o of a second phase a f t e r  compaction. 

I n e f f i c i e n t  removal of to luene  a f t e r  b a l l  m i l l i n g  was c o n s i d e r e d  a s  a 

cause  of con tamina t ion ,  bu t  vacuum e v a p o r a t i o n  of t h e  t o l u e n e  i n  the  

t empera tu re  r ange  from 200' t o  300'F does  n o t  improve t h e  e f f i c i e n c y  of 

removal ove r  t h a t  a t  room t empera tu re .  Replacement of t o l u e n e  by a n o t h e r  

o r g a n i c  l i q u i d  was a l s o  cons ide red  and an a t t e m p t  was made t o  d i s p l a c e  t h e  

adsorbed  t o l u e n e  w i t h  a v o l a t i l e  l i q u i d  which .could  be more e a s i l y  removed. 

The p rocedure  used  w a s  a s  fo l lows :  a s - m i l l e d  d r y  powder was added t o  a 

f l a s k  of t h e  l i q u i d  under  i n v e s t i g a t i o n ,  shaken  w e l l ,  and a l lowed t o  se t t le .  

After d e c a n t i n g  t h e  l i q u i d ,  t h e  powders were d r i e d  a t  room t empera tu re  by 

vacuum e v a p o r a t i o n .  The e f f e c t  of t h i s  p rocedure ,  used  i n  c o n j u n c t i o n  w i t h  

s e v e r a l  d i f f e r e n t  l i q u i d s ,  i s  r e p o r t e d  i n  terms of powder carbon c o n t e n t  i n  

Tab le  11. 
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I 
1 
I 4 . 2 . 2  Removal of Carbon and Oxygen 

4 . 2 . 2 . 1  Hydrogen Cleaning  - Both carbon and 02 may be e l i m i n a t e d  w i t h  

a H2 t r e a t m e n t  c a r r i e d  o u t  under  t h e  p rope r  c o n d i t i o n s .  The r e a c t i o n s  of 

i n t e r e s t  h e r e  a r e :  

c + 2 b  + cH4 (Equat ion  1) 

1/6 Cr23C6 + 2H2 + 23/6 C r  + CH4 (Equat ion  2)  

CQOS + + 2Cr + 3&0 (Equat ion  3) 

The o p e r a t i n g  c o n d i t i o n s  where t h e  f r e e  energy  of r e a c t i o n  i s  n e g a t i v e  

f o r  Equa t ions  1 and 2 a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  4 .  I t  may be seen  

h e r e  t h a t  Equat ion  2 r e q u i r e s  very r e f i n e d  expe r imen ta l  p rocedures  i n  terms 

of hydrogen p u r i t y .  I n  t h e  tempera ture  r e g i o n  of i n t e r e s t  (1000°-20000F),  

f o r  example, t h e  PCQ/gb r a t i o  must be  less than  

i n  o r d e r  f o r  t h e  f r e e  energy  of r e a c t i o n  t o  be n e g a t i v e .  Removal of carbon 

a c c o r d i n g  t o  Equat ion  1, on t h e  o t h e r  hand, i s  much less demanding, e s p e c i a l l y  

i n  t h e  range  from 800' t o  1200'F. I n  t h i s  r a n g e ,  t h e  e q u i l i b r i u m  PcH4/PHz 

>> 1 and t h e  r e a c t i o n  shou ld  p rogres s  q u i t e  r e a d i l y  i n  r e l a t i v e l y  impure 

hydrogen.  The r e d u c t i o n  of oxygen accord ing  t o  Equat ion  3 is w e l l  documented 

and may be accomplished i n  commercially pure  c y l i n d e r  hydrogen ove r  a r e l a t i v e l y  

wide range  of t empera tu res .  A t  1800°F, f o r  example, t h e  r e a c t i o n  i s  f e a s i b l e  

if t h e  dew p o i n t  is less than  -40OF. 

o r  r e s p e c t i v e l y  

( 8 s  9 )  

According t o  t h e  above a n a l y s i s ,  t h e  f i r s t  s t e p  of t h e  c l e a n i n g  p r o c e s s  

shou ld  be removal of adsorbed  carbon a t  a low enough t empera tu re  t o  avo id  

c a r b i d e  fo rma t ion .  The tempera ture  could  then  be  i n c r e a s e d  i n  t h e  second 

s t e p  t o  implement t h e  r e d u c t i o n  of CrzO3 .  The problem h e r e  is t h a t  the  

o p e r a t i n g  c o n d i t i o n s  which g i v e  de-oxida t ion  may cause  c a r b u r i z a t i o n  of t h e  

powders i f  t h e  hydrogen c o n t a i n s  a p p r e c i a b l e  methane c o n c e n t r a t i o n s .  

8 



The hydrogen c l e a n i n g  appa ra tus  used  i n  t h i s  s t u d y  is  shown s c h e m a t i c a l l y  

i n  F i g u r e  2a .  The powders,  which w e r e  loaded  i n t o  t h e  s t a i n l e s s  s t ee l  

c l e a n i n g  c a p s u l e  i n  a i r ,  were s u b j e c t e d  t o  a l t e r n a t e  hydrogen f low (one  hour)  

and  vacuum (1/2 hour)  c y c l e s  a t  1800'F. A vacuum c y c l e  was used i n  an  e f f o r t  

t o  a i d  removal of t h e  r e a c t i o n  p roduc t s  from t h e  i n t e r s t i c e s  between powder 

p a r t i c l e s .  Carbon c o n t e n t  of powders s u b j e c t e d  t o  t h i s  c l e a n i n g  procedure 

is g i v e n  i n  T a b l e  111. 

As i l l u s t r a t e d  by t h e  i n c r e a s e  i n  carbon c o n t e n t s  d u r i n g  c l e a n i n g  r u n s  

3, 4 ,  and 5,  t h e  P CH4/PH2 r a t i o  was e v i d e n t l y  t o o  h i g h  i n  t h e  hydrogen used .  

Whether t h i s  r e s u l t e d  from s m a l l  amounts of  i m p u r i t i e s  i n  t h e  purchased 

(99.999% Hz) g a s  or from contaminat ion i n  t h e  gas  t r a i n  is  n o t  known. In  

any c a s e ,  t h e  powders were a c t u a l l y  c a r b u r i z e d  d u r i n g  c l e a n i n g  ( s t a r t i n g  

ca rbon  = 0.73%).  I n  r u n s  1 and 2 ,  t h e  powders were d e c a r b u r i z e d ,  e v i d e n t l y  

a s  a r e s u l t  of i n e f f i c i e n t  exposure t o  hydrogen. I n  t h e  f i r s t  r u n ,  t h e  

powders were blown o u t  of t h e  capsu le  by e x c e s s i v e  g a s  f low and t h e  hel ium 

b a c k f i l l  a f t e r  each  vacuum c y c l e  f i l l e d  t h e  v o i d s  w i t h  helium. Subsequent 

Ha f low e v i d e n t l y  d i d  n o t  c a u s e  an e f f e c t i v e  d i sp lacemen t  of t h i s  hel ium 

by hydrogen. Powder from the second r u n  was a u t o c l a v e d  a f t e r  c l e a n i n g .  

Chemical a n a l y s i s  of t h e  compact i n d i c a t e d  t h a t  n e i t h e r  ca rbon  n o r  oxygen 

were e f f e c t i v e l y  reduced .  Vacuum f u s i o n  a n a l y s i s  f o r  g a s  c o n t e n t  of t h i s  

sample showed 2.040% 0 2 ,  O.O078%Na and O.O02a7/,& i n  a d d i t i o n  t o  t h e  0.54% 

carbon.  Powder hand l ing  procedures  d u r i n g  compaction cou ld  have caused  t h e  

oxygen con tamina t ion ,  b u t  the l ack  of ca rbon  removal was due t o  d e f i c i e n c i e s  

i n  t h e  c l e a n i n g  p r o c e s s  i t s e l f ,  a s  was l a t e r  shown i n  r u n s  3 ,  4 ,  and 5. 

S i n c e  t h e  e l e v a t e d  t empera tu re  exposure  was n e c e s s a r y  f o r  removal of 

oxygen, and s i n c e  no e l a b o r a t e  hydrogen p u r i f i c a t i o n  a p p a r a t u s  was a v a i l a b l e  

f o r  t h e  r e q u i r e d  removal of carbon-bear ing  i m p u r i t i e s  from t h e  c l e a n i n g  g a s ,  

t h i s  t e c h n i q u e  was abandoned. 



4 . 2 . 2 . 2  Carbothermic Cleaning - The second t echn ique  i n v e s t i g a t e d  

u t i l i z e s  t h e  fo l lowing  r e a c t i o n  for i n t e r s t i t i a l  c l e a n i n g :  

3C + Cr2O3 + 3CO + 2Cr (Equa t ion  4 )  

The e q u i l i b r i u m  between ca rbon ,  02 and chromium a t  e l e v a t e d  t empera tu re  and 

r educed  p r e s s u r e  c a n  be d e s c r i b e d  i n  more d e t a i l  t h rough  t h e  u s e  of t h e  

Pourbaix-Ellingham diagram 

cor re spond ing  t o  e q u i l i b r i u m  between v a r i o u s  two-phase combinat ions a r e  

a p p r o p r i a t e l y  l a b e l e d  on t h e  diagram; e . g . ,  i f  t empera tu re  and p r e s s u r e  a r e  

r e g u l a t e d  such  t h a t  t h e y  l i e  above t h e  upper l i n e ,  t h e  e q u i l i b r i u m  phases  

w i l l  b e  C r z O 3  and carbon.  A l l  c a r b i d e s  a r e  m e t a s t a b l e  i n  t h i s  r e g i o n  and 

would t end  t o  decompose t o  g r a p h i t e  acco rd ing  t o  t h e  r e a c t i o n  CrxCy + z-0 + 

x/2 C r z O 3  + yC0. Likewise ,  i f  t h e  o p e r a t i n g  c o n d i t i o n s  (Pco, and t empera tu re )  

a r e  h e l d  i n  t h e  r e g i o n  below t h e  lower l i n e ,  a l l  C r z O 3  s h o u l d  be  reduced 

a c c o r d i n g  t o  Equa t ion  4 .  The e f f e c t i v e  removal of  bo th  carbon and 02 is 

t h e r e f o r e  a m a t t e r  o f  a d j u s t i n g  t h e  o p e r a t i n g  c o n d i t i o n s  and t h e  ca rbon  

c o n t e n t  s o  t h a t  a t  t h e  end of an  i s o t h e r m a l  c l e a n i n g  t r e a t m e n t ,  t h e  o r i g i n a l  

chromium, ca rbon ,  C r z O 3  mixture  has t r a v e r s e d  t h e  t w o  phase  f i e l d s  from h i g h  

Pco t o  l o w  Pco and h a s  a r r i v e d  a t  t h e  lower l i n e  w i t h  on ly  t r a c e  amounts of 

C r a O 3  and Cr23C6  remain ing .  

shown i n  F i g u r e  5. The o p e r a t i n g  c o n d i t i o n s  ( 10) 

Clean ing  was c a r r i e d  o u t  i n i t i a l l y  i n  a 1 1/2 i n c h  I D ,  t an t a lum wound 

r e s i s t a n c e  f u r n a c e  which was o p e r a t e d  i n s i d e  a vacuum ( lom5 t o r r )  g l o v e  box. 

A l l  powder h a n d l i n g  was c a r r i e d  out i n  t h i s  chamber. Loose,  a s -mi l l ed  powders 

were s p r e a d  o u t  i n  a t h i n  l a y e r  on me ta l  t r a y s  and p l a c e d  i n  t h e  h o r i z o n t a l  

t u b e  f u r n a c e  f o r  c l e a n i n g .  These t r a y s  were made of  e i t h e r  t a n t a l u m ,  

z i r con ium,  or t i t a n i u m  e a c h  of which is an  e x c e l l e n t  t t g e t t e r t t  for i n t e r s t i t i a l s .  

The e x p e r i m e n t a l  v a r i a b l e s  i n v e s t i g a t e d  were t e m p e r a t u r e ,  t ime,  powder d e p t h  

and t r a y  ( g e t t e r )  m a t e r i a l .  E v a l u a t i o n  of t h e  c l e a n i n g  procedure was i n  

terms of g a s  a n a l y s i s  of t h e  loose powders. The powders were e n c a p s u l a t e d  
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under  helium i n  a s m a l l  t i n  capsu le  which was t r a n s p o r t e d  t o  t h e  vacuum 

f u s i o n  a p p a r a t u s  i n  a hel ium f i l l e d  g l a s s  c a p s u l e  where i t  was ana lyzed  for 

oxygen, hydrogen and n i t r o g e n .  Carbon c o n t e n t  of  t h e  powders was measured 

u s i n g  a i r  h a n d l i n g  p rocedures  i n  c o n j u n c t i o n  w i t h  e i t h e r  g r a v i m e t r i c  or 

conduc tomet r i c  a n a l y s i s .  

S t a r t i n g  m a t e r i a l  f o r  t h i s  series of expe r imen t s  was a Cr-5 v/o MgO- 

1.OMo-0.25 H f ,  Th ,  Y a l l o y  which had been b a l l  m i l l e d  a t  -50°F f o r  500 hour s  

i n  t o l u e n e .  In a d d i t i o n  t o  the 2.6% MgO which was added a s  d i s p e r s o i d ,  t h e  

powder c o n t a i n e d  0.25% MgO which was r e s i d u a l  from t h e  powder p r o d u c t i o n  pro- 

cess. T o t a l  oxygen c o n t e n t  p r i o r  t o  c l e a n i n g  was 1.04% a s  d i s p e r s o i d ,  0.10% 

( p r o d u c t i o n  MgO) and 0.46% a s  contaminat ion .  The r e s u l t s  of t h i s  series of 

powder c l e a n i n g  r u n s  is g iven  i n  T a b l e  I V  (Numbers 10 t h r u  1 6 ) .  Oxygen con- 

t e n t  i n  t h i s  t a b l e  i s  r e p o r t e d  a s  t h e  con tamina t ion  p o r t i o n  of t h e  t o t a l  

oxygen c o n c e n t r a t i o n  and was d e r i v e d  by s u b t r a c t i n g  e i t h e r  0.10% or 1.14% 

from t h e  ana lyzed  t o t a l  oxygen c o n t e n t .  The d a t a  t a b u l a t e d  i n  Numbers 10 

t h r u  1 6  of T a b l e  I V  is a l s o  shown g r a p h i c a l l y  i n  F i g u r e s  6 and 7.  F i g u r e  6 

demons t r a t e s  t h e  e f f e c t  of c l e a n i n g  t empera tu re  on ca rbon  c o n t e n t  w i t h  t i m e  

and  " g e t t e r "  m a t e r i a l s  a s  pa rame te r s .  A comparison of t h e  e f f i c i e n c y  of  

g e t t e r i n g  m a t e r i a l s  i n  a i d i n g  carbon removal made from t h i s  g raph  s u g g e s t s  

t h a t  z i rconium i s  t h e  most e f f i c i e n t .  S i n c e  zirconium h a s  ve ry  poor h i g h  

t empera tu re  s t r e n g t h ,  however, l a t e r  expe r imen t s  were conducted i n  t a n t a l u m  

b o a t s  w i t h  s t r i p s  of z i r con ium s h e e t  mixed i n  w i t h  t h e  powder. Oxygen c o n t e n t  

of t h e s e  same powders e x p r e s s e d  a s  a f u n c t i o n  of c l e a n i n g  t empera tu re  i s  g i v e n  

i n  F i g u r e  7. Exper imen ta l  d i f f i c u l t i e s  i n h e r e n t  i n  a n a l y z i n g  a l o o s e  powder 

m i x t u r e  c o n t a i n i n g  an  o x i d e  d i s p e r s o i d  is ev idenced  by t h e  l a r g e  amount of 

s c a t t e r  i n  t h e s e  d a t a .  C r e d i b i l i t y  of t h e  oxygen r e s u l t s  was q u e s t i o n e d  s t i l l  

f u r t h e r  when samples  ana lyzed  a f t e r  d e n s i f i c a t i o n  by g a s  p r e s s u r e  bonding 

(Numbers 11 and 15 i n  Tab le  I V )  e x h i b i t e d  h i g h e r  oxygen c o n t e n t s  t h a n  d i d  t h e  

loose powders. The h i g h e r  oxygen c o n t e n t  i n  t h e  compacted a l l o y  c o u l d  have 

r e s u l t e d  from powder h a n d l i n g  du r ing  d e n s i f i c a t i o n ,  b u t  t h e  d i sag reemen t  
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c o u l d  a l s o  be t h e  r e s u l t  of d i s p e r s o i d  s e g r e g a t i o n  or poor sampling of t h e  

loose powdern. I n  an e f f o r t  t o  r e s o l v e  t h i s  d i f f i c u l t y ,  a n a l y t i c a l  t e c h n i q u e s  

were u n s u c c e s s f u l l y  sough t  which would d i f f e r e n t i a t e  between MgO (Y203) and 

C r 2 0 3  

12  

The above p r o c e s s  was l i m i t e d  by t h e  s m a l l  f u r n a c e  s ize  t o  5-20 gram 

sample s izes .  En an  e f f o r t  t o  i n c r e a s e  t h e  o u t p u t  of t h e  above f u r n a c e ,  an  

a t t e m p t  was made t o  c o n v e r t  t h e  c l e a n i n g  from a b a t c h  p r o c e s s  t o  a con t inuous  

p r o c e s s .  Continuous c l e a n i n g  w a s  t o  be accomplished through u s e  of a moving 

t r a y ,  Dwell t i m e  i n  t h e  f u r n a c e  h o t  zone was r e g u l a t e d  by v a r y i n g  t h e  speed  

of b o a t  t r a v e l  th rough t h e  fu rnace .  k l i n e  drawing of t h e  a p p a r a t u s  used f o r  

t h e  i n v e s t i g a t i o n  of t h i s  cont inuous  c l e a n i n g  p r o c e s s  is shown i n  F i g u r e  2 b .  

I n i t i a l l y ,  a f i f t e e n  i n c h  long  zirconium t r a y  was moved s lowly  through t h e  

f u r n a c e  h o t  zone (2200°F) w i t h  a dwe l l  t i m e  of f i v e  minutes .  Gas a n a l y s i s  of 

loose powders from t h i s  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  n e i t h e r  ca rbonnor  oxygen 

was b e i n g  removed. T h i s  l a c k  of c l e a n i n g  was e v i d e n t l y  t h e  r e s u l t  of redepo- 

s i t i o n  of b o t h  carbon and oxygen i n  c o l d  p o r t i o n s  of t h e  f u r n a c e .  A compromise 

between con t inuous  and b a t c h  c l e a n i n g  was t h e n  proposed i n  which s e v e r a l  b o a t s  

cou ld  be c l eaned  w i t h o u t  b reak ing  t h e  vacuum. T h i s  semi-cont inuous method 

is i d e n t i c a l  t o  b a t c h  c l e a n i n g  excep t  s e v e r a l  s h o r t  b o a t s  were connected so 

t h a t  when one was i n  t h e  h o t  zone ,  t h e  o t h e r s  were comple t e ly  o u t s i d e  t h e  

f u r n a c e .  When c l e a n i n g  of one t r a y  was comple ted ,  a mechanical f eed - th rough  

mechanism was a c t u a t e d  t o  p u l l  i t  o u t  of t h e  f u r n a c e  and  s i m u l t a n e o u s l y  p u l l  

t h e  n e x t  one i n t o  t h e  h o t  zone. Chemical a n a l y s i s  of t h e  powders c l eaned  

u s i n g  t h i s  procedure  showed t h a t  while ‘ t h e  powder ffom t h e  second b o a t  w a s  

c l e a n e d  (200 ppm c a r b o n ) ,  powder from t h e  f i r s t  b o a t  was n o t  (1800 ppm ca rbon) .  

T h i s  i n d i c a t e d  t h a t  CO which was d r i v e n  o f f  t h e  second b o a t  was r e d e p o s i t e d  

on t h e  f i r s t  d e s p i t e  t h a t  f a c t  t h a t  i t  was o u t s i d e  t h e  f u r n a c e .  T h i s  phe- 

nomenon is f u r t h e r  confirmed by c o n s u l t i n g  t h e  Pourbaix-Ellingham diagram of 



F i g u r e  5 where t h e  approximate o p e r a t i n g  c o n d i t i o n s  i n  t h e  hot  zone and i n  

t h e  c o l d e r  p o r t i o n s  of t h e  fu rnace  are no ted .  E q u i l i b r i u m  phases  i n  t h e  

h o t  zone are CrS3C7 and chromium, w h i l e  t h o s e  i n  t h e  co ld  zone are C r 2 0 3  and 

ca rbon .  Carbon monoxide t h e r e f o r e  t r a n s p o r t s  carbon and oxygen from t h e  

c e n t e r  t o  t h e  c o l d  p o r t i o n s  of t h e  f u r n a c e ,  and o n l y  a s m a l l  amount of 

c l e a n i n g  is  accompl ished .  A l l  subsequent  c l e a n i n g  was t h e r e f o r e  done by a 

b a t c h  p r o c e s s .  

Powder p r o c e s s i n g  r e p o r t e d  thus  f a r  w a s  c a r r i e d  o u t  i n  t h r e e  S y s t e m s .  

B a l l  m i l l  l o a d i n g  w a s  done i n  an argon f i l l e d  non-vacuum g love  box, c l e a n i n g  

i n  a vacuum g l o v e  box which had no a i r l o c k ,  and f i n a l  s e a l i n g  of t h e  encapsu-  

l a t e d  powders w a s  accomplished i n  an  EB welding chamber. The i n e f f i c i e n c i e s  

i n h e r e n t  i n  t h e  use of t h r e e  s e p a r a t e  f a c i l i t i e s  w a s  t h e r e f o r e  g r e a t l y  

improved by t h e  i n s t a l l a t i o n  of a g l o v e  box and a i r l o c k  e x t e n s i o n  t o  t h e  

vacuum chamber of t h e  EB we lde r .  T h i s  equipment a l lowed a l l  of t h e  above 

o p e r a t i o n s  t o  be c a r r i e d  o u t  i n  one chamber, t h e r e b y  r educ ing  p o s s i b i l i t y  

of powder con tamina t ion  d u r i n g  t r a n s f e r  f rom one s y s t e m  t o  a n o t h e r .  A l l  

c l e a n i n g  i n v e s t i g a t i o n s  r e p o r t e d  i n  t h e  f o l l o w i n g  were c a r r i e d  o u t  i n  t h i s  

s y s t e m  which was equipped w i t h  a 2 1/2 inch  I D ,  t an t a lum wound r e s i s t a n c e  

f u r n a c e .  

One hundred gram q u a n t i t i e s  of powder w h i c h  were c l eaned  i n  p r e p a r a t i o n  

for e x t r u s i o n  w e r e  exposed f o r  c l e a n i n g  i n  a s t a c k  of t h r e e  2- inch X 5- inch  

t a n t a l u m  boats w i t h  a 0 .275- inch  powder d e p t h .  A series of Cr 5 /o Y203 

a l l o y s  w i t h  0 . 1 5 ,  0 .25 ,  and 0.35% each  of Hf ,  Th, Y w e r e  c l eaned  i n  t h i s  

f a s h i o n  a t  2200°F/20 min. I n  a l l  t h r e e  a l l o y s  t h e  carbon c o n t e n t  w a s  reduced 

t o  approx ima te ly  60 ppm. Oxygen l e v e l  of t h e  l o o s e  powder w a s  n o t  mon i to red .  

A s  w i t h  t h e  C r  i- MgO powders, g a s  a n a l y s i s  a f t e r  compaction i n d i c a t , e s  h i g h  
a 

oxygen c o n t e n t .  

V 
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Foregoing r e s u l t s ,  ob ta ined  from chemica l  a n a l y s i s  of  loose powders, 

i n d i c a t e  t h a t  bo th  carbon and oxygen may be  s u b s t a n t i a l l y  reduced by 

c a r b o t h e r m i c  c l e a n i n g .  Although a n a l y s i s  of  loose powders i n d i c a t e d  t h a t  

t h e  oxygen c o n t e n t  was q u i t e  low, t h e  d a t a  c o n t a i n e d  l a r g e  amounts of 

s c a t t e r .  High oxygen c o n t e n t  of t h e s e  same powders a f t e r  compaction 

t h e r e f o r e  r a i s e d a q u e s t i o n  a s  t o  t h e  e f f i c i e n c y  of t h e  p r o c e s s  i n  r educ ing  

oxygen. I n  o r d e r  t o  answer t h i s  q u e s t i o n ,  ca rbo the rmic  c l e a n i n g  was c a r r i e d  

o u t  on  chromium powders which con ta ined  no o x i d e  d i s p e r s o i d s .  A n a l y t i c a l  

errors r e s u l t i n g  from poor sampling of  ox ide  d i s p e r s o i d s  which were p r e s e n t  

i n  t h e  powders were t h e r e b y  e l i m i n a t e d .  T h i s  work which is n o t  f u l l y  com- 

p l e t e d  is a l s o  r e p o r t e d  i n  Table  I V  (1-5) .  S t a r t i n g  m a t e r i a l  was M&R chromium 

powder which was b a l l  m i l l e d  wi thou t  d i s p e r s o i d  f o r  456 hour s  a t  -50°F i n  

t o l u e n e .  Carbon c o n t e n t  of t h e  a s -mi l l ed  powder was e x c e p t i o n a l l y  low w i t h  

t h e  r e s u l t  t h a t  an  i n s u f f i c i e n t  q u a n t i t y  was a v a i l a b l e  f o r  s t o i c i o m e t r i c  

combinat ion w i t h  t h e  0.403% oxygen p r e s e n t  a s  con tamina t ion .  The a n a l y s e s  

i n d i c a t e  t h a t  after a v e r y  r a p i d  d e c a r b u r i z a t i o n  p e r i o d ,  t h e  powder was a c t u a l l y  

o x i d i z e d .  The e x t e n t  of t h i s  o x i d a t i o n  i n c r e a s e d  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  

Carbon c o n t e n t  of t h e  c l eaned  powders was ve ry  low i n  t h o s e  c a s e s  where t h e  

powder was c l eaned  a t  t empera tu res  g r e a t e r  t h a n  1800°F. I n i t i a l  oxygen 

a n a l y s i s  i n d i c a t e d  t h a t  oxygen was  s u b s t a n t i a l l y  reduced a t  1600'F. Carbon 

a n a l y s i s  of t h e  sample c l eaned  a t  1600'F i n d i c a t e d  on ly  a s m a l l  r e d u c t i o n  of 

ca rbon  t h e r e b y  c h a l l e n g i n g  t h e  oxygen a n a l y s i s .  A r echeck  u s i n g  powders 

which had been exposed t o  a i r  showed on ly  a minor r e d u c t i o n  i n  oxygen which 

was i n  close agreement w i t h  t h e  corresponding d e c r e a s e  of carbon.  Powder 

c l e a n i n g  r e p o r t e d  i n  Tab le  I V  a s  Numbers 6 t h r u  9 was conducted u s i n g  t h e  

same s t a r t i n g  powders w i t h  an a d d i t i o n  of h i g h  p u r i t y  g r a p h i t e .  These r e s u l t s  

a r e  a l s o  shown g r a p h i c a l l y  i n  F igu re  7 where t h e y  a r e  compared w i t h  t h e  re- 

s u l t s  of t h e  p r e v i o u s l y  c l eaned  C r  + MgO powder. A s  shown, a 2400°F/50 min 

exposure  of chromium g r a p h i t e  mix tu res  reduced t h e  oxygen c o n t e n t  t o  

130 ppm. Although t h e  p r e v i o u s  work w i t h  C r  + MgO i n d i c a t e s  
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complete  removal of oxygen a t  a lower t empera tu re  t h a n  2400OF i n  t h e  same 

f i f t y  minute exposure  p e r i o d ,  t h e s e  r e s u l t s  were o b t a i n e d  w i t h  powder dep ths  

of 0 .05  i nches  a s  compared t o  a depth of 0.275 i n c h e s  f o r  t h e  chrcmium- 

g r a p h i t e  mix tu re .  Gas a n a l y s i s  of powders c l eaned  a t  240OOF and s u b s e q u e n t l y  

exposed t o  a i r  i n d i c a t e  t h a t  t h e  p roduc t  has  s i n t e r e d  s u f f i c i e n t l y  t h a t  

oxygen con tamina t ion  from a i r  hand l ing  V J ~ S  no l o n g e r  a c r i t i c a l  problem. 
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As r e p o r t e d  p r e v i o u s l y  t h e  powder p rocess  developed i n  t h i s  

i n v e s t i g a t i o n  i s  capab le  of producing d i s p e r s i o n  s t r e n g t h e n e d  m a t e r i a l s  

w i t h  t h e  d e s i r e d  m i c r o s t r u c t u r a l  parameters .  The MgO and Ya03 d i s p e r s o i d s  

used h e r e ,  however, were found t o  b e  u n s t a b l e  and underwent e x t e n s i v e  

growth d u r i n g  the rma l  exposure a f t e r  compact ion.  The e f f e c t s  of t h e  v a r i o u s  

vacuum h e a t  t r e a t m e n t s  on m i c r o s t r u c t u r a l  pa rame te r s  i s  shown i n  Tab le  V .  

T h i s  d a t a  w a s  gene ra t ed  u s i n g  l i n e a l  a n a l y s i s  and t h e  Zeiss TGZ-3 p a r t i c l e  

s ize  a n a l y z e r .  The d i s p e r s o i d  growth phenomenon i s  shown i n  more d e t a i l  i n  

F i g u r e  8 which shows ox ide  p a r t i c l e  s ize  d i s t r i b u t i o n s  a f t e r  exposure  t o  

s t a b i l i t y  a n n e a l s  i n  t h e  tempera ture  range  2000-26000°F. 

d i s t r i b u t i o n  a f t e r  2000°F exposure ,  shows a s i n g l e  peak a t  approximate ly  0.2 

micron.  

i n  t h e  p a r t i c l e  s ize  d i s t r i b u t i o n  cu rve .  The h e i g h t  of t h e  peak a t  s m a l l  

p a r t i c l e  s i z e  is d e c r e a s i n g  w h i l e  t h e  number of p a r t i c l e s  found i n  t h e  peak 

a t  1 . 2  microns i s  i n c r e a s i n g .  This  i s  a r e s u l t  of t h e  growth of l a r g e  p a r t i c l e s  

a t  t h e  expense  of t h e  smaller ones ,  i . e . ,  p a r t i c l e s  above some ave rage  

p a r t i c l e  s ize  do i n c r e a s e  i n  d iameter  w h i l e  p a r t i c l e s  less than  do d e c r e a s e  

i n  d i a m e t e r  w i t h  i n c r e a s i n g  t i m e .  D i spe r so id  i n s t a b i l i t y  is f u r t h e r  ev idenced  

by v o i d  fo rma t ion  and an accompanying d e c r e a s e  i n  b u l k  d e n s i t y  of t h e  a l l o y  

When exposed i s o t h e r m a l l y ,  a Cr-Y203 a l l o y  w i t h  0.15% REA showed v e r y  r a p i d  

p a r t i c l e  growth i n i t i a l l y  which a s y m t o t i c a l l y  approached some upper  p a r t i c l e  

size.  

a l l o y  as-compacted i n d i c a t e s  t h e  ox ides  were p r e s e n t  as Y 2 0 3 ,  Th% and C r z 0 3  

A f t e r  a 2600°F/1 h r /vac  s t a b i l i t y  a n n e a l ,  t h e  o x i d e s  were p r e s e n t  a lmost  

e n t i r e l y  as YCr03. Photomicrographs showing t h e  m i c r o s t r u c t u r e  of t h i s  

a l l o y  b e f o r e  and a f t e r  t he rma l  exposure are p resen ted  i n  F i g u r e  9 .  The 

e x t r e m e l y  c o a r s e  YCr03 chromate p a r t i c l e s  shown i n  t h e  lower photograph i n -  

d i c a t e  t h a t  t h e s e  o x i d e s  a r e  p o l y c r y s t a l l i n e .  I n  a d d i t i o n ,  c o n t a c t  a n g l e s  

a t  t r i p l e  p o i n t  g r a i n  boundar i e s  i n d i c a t e  t h a t  t h e  i n t e r f a c i a l  energy  

between t h e  YCr03 and t h e  chromium is of t h e  same o r d e r  of magni tude 

The p a r t i c l e  s ize  

I n  t h e  sample exposed a t  260O0Fl however, t h e r e  a r e  now two peaks 

I .  

X-ray d i f f r a c t i o n  of e x t r a c t i o n s  from Cr-5 v/o Y203 -1Mo-O.25% REA 
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as t h e  chromium g r a i n  boundary e n e r g i e s .  T h i s  low e n e r g y ,  of c o u r s e ,  would 

be  v e r y  b e n e f i c i a l  i n  p reven t ing  decohes ion  between p a r t i c l e  and m a t r i x  

upon a p p l i c a t i o n  of stress. The r e s u l t s  of a thermal  s t a b i l i t y  annea l  on 

a C r - 5  v/o-Ya03 a l l o y  w i t h  0% REA a r e  shown i n  F i g u r e  12. 

of t h i s  a l l o y  a f t e r  a 2600°F/1 hr /vac .  thermal  exposure  show c o n s i d e r a b l e  

i n s t a b i l i t y .  I t  i s  obvious from t h e s e  r e s u l t s  t h a t  t h e  r e a c t i v e  element  

a d d i t i o n s  do n o t  act  a s  c a t a l y t i c  a g e n t s  i n  t h e  d i s p e r s o i d  i n s t a b i l i t y .  

The m i c r o s t r u c t u r e s  

The e f f e c t  of powder c l e a n i n g  on m e t a l l o g r a p h i c  parameters  may be seen 

i n  F i g u r e s  10 and 11. These Cr-5 V/o MgO samples  were c leaned  acco rd ing  t o  

t h e  c o n d i t i o n s  shown i n  t h e  f i g u r e  and i n d i c a t e  t h a t  i n c r e a s i n g  t i m e  and 

t empera tu re  cause  an i n c r e a s e  i n  pa r t i c l e  s ize .  I n  each  c a s e ,  however, t h e  

f i n a l  compact i s  h igh  i n  oxygen e i t h e r  as a r e s u l t  of poor c l e a n i n g  o r  as 

a r e s u l t  of r econ tamina t ion  du r ing  compact ion.  T h i s  e f f e c t  may be t h e  over -  

r i d i n g  f a c t o r  and may govern t h e  growth shown i n  each  case. 

The p o s s i b i l i t y  of e l i m i n a t i n g  g love  box powder h a n d l i n g  procedures  

p r i o r  t o  t h e  powder c l e a n i n g  s t e p  w a s  i n v e s t i g a t e d  u s i n g  e l emen ta l  powders 

w i t h o u t  REA o r  d i s p e r s o i d .  The b a l l  m i l l s  w e r e  loaded  and unloaded i n  t h e  

a i r  and t h e  m i l l i n g  w a s  c a r r i e d  out i n  t h e  s t a n d a r d  manner a t  -50°F us ing  

t o l u e n e  wi th  an a rgon  cove r ,  Toluene was removed i n  a i r  i n  a d r y i n g  oven 

a t  approximate ly  200'F. 

t h a t  t h e  a i r  handl ing  procedure p r i o r  t o  b a l l  m i l l i n g  and p r i o r  t o  powder 

c l e a n i n g  does  n o t  i n c r e a s e  oxygen and t h e r e f o r e  it seems p o s s i b l e  t h a t  g love  

box h a n d l i n g  could  be a t  least p a r t i a l l y  e l i m i n a t e d .  However, o r d i n a r y  

powder hand l ing  would i n c r e a s e  h e a l t h  haza rds  from a i r -bo rne  submicron m e t a l  

powders and t h i s  e l i m i n a t i o n  of i n e r t  h a n d l i n g  procedures  t h e r e f o r e  seems 

unwise.  I n  a d d i t i o n  t o  t h e s e  results on t h e  e f f e c t  of powder h a n d l i n g  on 

con tamina t ion ,  t h e  r e s u l t s  of powder c l e a n i n g  a t  t empera tu res  less than  2200'F 

s e e m  t o  i n d i c a t e  t h a t  t h i s  process  makes t h e  material ex t r eme ly  v u l n e r a b l e  t o  

oxygen contaminat ion  d u r i n g  subsequent  hand l ing .  T h i s  may n e c e s s i t a t e  an 

a d d i t i o n a l  s t e p  t o  t h e  c l e a n i n g  process  i n  which t h e  powder would be hea ted  

Vacuum f u s i o n  a n a l y s i s  of t h i s  powder i n d i c a t e d  
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t o  2600°F f o r  f i f t e e n  minutes p r i o r  t o  c o o l i n g  from t h e  c l e a n i n g  t e m p e r a t u r e .  

T h i s  would cause  s i n t e r i n g  of the powders and would d e c r e a s e  t h e  s u r f a c e  

a r e a  t o  s u c h  an  e x t e n t  t h a t  s u r f a c e  con tamina t ion  would no l o n g e r  be a 

problem. Powder c l e a n i n g  c a r r i e d  o u t  a t  2400'F f o r  t h i r t y  and f i f t y  minu tes ,  

f o r  example,  i n d i c a t e  t h a t  t h e  powder h a s  s i n t e r e d  s u f f i c i e n t l y  even  under 

t h e s e  c o n d i t i o n s  t h a t  t h e  subsequent  a i r  h a n d l i n g  does  n o t  cause  recon-  

t a m i n a t i o n  by oxygen. 
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6.  EVALUATION OF REACTIVE ELEMENT ADDITIONS (REA) 

A l l o y s  w i t h  5 v/o MgO and 5 " / o  Y203 each  w i t h  t h r e e  d i f f e r e n t  l e v e l s  

of  REA were p repa red  by b a l l  m i l l i n g  a t  -50'F f o r  500 h a u r s  i n  t o l u e n e .  

These a l l o y s  were c l e a n e d  by t h e  ca rbo the rmic  p r o c e s s  a t  2200'F f o r  twenty 

minutes  u s i n g  a z i rconium g e t t e r .  I n t e r s t i t i a l  c o n t e n t  of t h e  compacted 

powders is shown i n  T a b l e  V. A f t e r  a u t o c l a v i n g  a t  2000'F t h e  C r  5 v/o YzO3 

a l l o y s  were e x t r u d e d  a t  t h e  General Electric Research and Development C e n t e r ,  

Schenec tady ,  New York, a t  2000'F us ing  a r a t i o  o f  14/1.  The a l l o y s  which 

amtained 0.15 and 0.25% REFnextruded s u c c e s s f u l l y  and  were e v a l u a t e d  i n  

g r e a t e r  d e t a i l .  The 0.3% REA a l l o y ,  on t h e  o t h e r  hand ,  e x t r u d e d  i n  many 

s h o r t  segments which were n o t  u s a b l e  f o r  d e t a i l e d  a n a l y s i s  of DBTT and 

t e n s i l e  p r o p e r t i e s .  T e n s i l e  tests were conducted o n  b o t h  of t h e  sound a l l o y s  

a t  ambient t empera tu re  and a t  2000'F i n  vacuum. The but ton-head specimens 

used i n  the v a r i o u s  tes ts  a r e  p i c t u r e d  i n  F i g u r e  13. 

A s  a r e s u l t  of t h e  e x t e n s i v e  s u r f a c e  i r r e g u l a r i t i e s  i n  t h e  e x t r u s i o n ,  

on ly  t h r e e  t e n s i l e  specimens were o b t a i n e d  from t h e  0.15 REA a l l o y  and two 

from t h e  0 . 2 5  REA a l l o y .  Two of  t h e  0.15 REA a l l o y  samples were used i n  

d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tests (DBTT) and t h e  t h i r d  was t e s t e d  i n  t e n s i o n  

a t  2000'F. DBTT was i n v e s t i g a t e d  u s i n g  slow s t r a i n  r a t e  (0.5%/min) t e n s i l e  

l o a d i n g  t o  1% p l a s t i c  s t r a i n .  A f t e r  1% p l a s t i c  s t r a i n ,  t h e  l o a d  w a s  r e l e a s e d ,  

t h e  t empera tu re  reduced 100°F, and t h e  sample was a g a i n  loaded  t o  1% s t r a i n .  

T h i s  p rocedure  was r e p e a t e d  a t  lOO'F increments  u n t i l  f a i l u r e  o c c u r r e d .  I n  

t h e  as-extruded a l l o y  the test was i n i t i a t e d  a t  800'F and f r a c t u r e  o c c u r r e d  

a t  60O0F. A ve ry  s e v e r e  s u r f a c e  d e f e c t  i n  t h e  gage l e n g t h ,  however, un- 

doub ted ly  caused  premature f a i l u r e .  The second sample was h e a t  t r e a t e d  a t  

2000'F f o r  one hour  i n  vacuum p r i o r  t o  t e s t i n g .  A summary of  t h e  DBTT tes t  

of t h e  second sample is shown i n  F i g u r e  14 which is a r e p r o d u c t i o n  of t h e  

I n s t r o n  l o a d  v e r s u s  e x t e n s i o n  c h a r t .  The test  was i n i t i a t e d  a t  600'F where 

t h e  f low stress was 87 k s i .  F r a c t u r e  occur red  a t  room t e m p e r a t u r e  a f t e r  a 

t o t a l  p l a s t i c  s t r a i n  of 5% r e s u l t i n g  from f i v e  inc remen t s  of  1% s t r a i n  e a c h .  
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Flow stress of t h e s e  two a l l o y s  w a s  approximate ly  100 k s i  a t  ambient tempera- 

t u r e  and approximate ly  90 k s i  a t  800QF. A comparison t o  c a s t  a l l o y s  w i t h  

compositions comparable t o  t h a t  of  t h e  m a t r i x  i n d i c a t e s  t h a t  d i s p e r s i o n  

s t r e n g t h e n i n g  c o n t r i b u t e d  approximate ly  40 k s i  t o  t h e  f r a c t u r e  s t r e n g t h  i n  

t h i s  t empera tu re  r ange ,  A t  2000'F b o t h  t h e  0.15 and t h e  0 . 2 5  REA a l l o y s  

w e r e  ex t r eme ly  weak, I n t e r g r a n u l a r  f r a c t u r e  occur red  a t  2 . 2  k s i  f o r  t h e  

0*15% REA a l l o y  and 5 .7  k s i  f o r  the  0 ,25% REA a l l o y ,  Both a l l o y s  showed 

c o n s i d e r a b l e  d u c t i l i t y  (45% and 26% e l o n g a t i o n  r e s p e c t i v e l y )  b u t  c o n t a i n e d  

many t r a n s v e r s e  i n t e r g r a n u l a r  s u r f a c e  c r a c k s  a s  shown i n  F i g u r e  13, Such 

b e h a v i o r  is t y p i c a l  of ho t  s h o r t n e s s  phenomenon expe r i enced  i n  p r e v i o u s  

chromium a l l o y s  a s  a r e s u l t  of e x c e s s i v e  REA c o n c e n t r a t i o n  (I1) a 

b e h a v i o r  i s  f u r t h e r  magni f ied  by t h e  f a c t  t h a t  e x t r u s i o n  does  n o t  produce 

a f i b e r e d  s t r u c t u r e  which would minimize t h e  effect  of weak boundar i e s .  

'This 

O x i d a t i o n  tests a t  2O0OQ, 2400", and 2600'F i n  s t a t i c  a i r  compared 

v e r y  f a v o r a b l y  w i t h  t h e  most o x i d a t i o n  r e s i s t a n t  c a s t  chromium a l l o y s  and 

t h e  r e s u l t s  a r e  summarized i n  Table  V I .  The ox ide  s c a l e  on t h e s e  samples  

i s  q u i t e  adhe ren t  and n i t r i d e  l a y e r s  a r e  n o t  d e t e c t a b l e  m e t a l l o g r a p h i c a l l y .  
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'7 a DISCUSSION AND RECOMMENDATLONS 

S i n c e  chromium has  a DBTT which i s  s t r o n g l y  dependent  upon i n t e r s t i t i a l  

c o n t e n t ,  i t  seems a b s o l u t e l y  necessa ry  t h a t  t h e  oxide  d i s p e r s o i d s  be  c a p a b l e  

of g e t t e r i n g  such  i m p u r i t i e s .  The p resence  of oxygen a s  Cr,O,, for example,  

would seem t o  p r e s e n t  an i n t o l e r a b l e  s i t u a t i o n  and even an e x c e l l e n t  d i s p e r -  

s i o n  of a h i g h l y  i n e r t  d i s p e r s o i d  such as Thoz would be f r a c t u r e  l i m i t e d  a s  

a r e s u l t  of t h e  excess  oxygen i n  e q u i l i b r i u m  w i t h  t h e  chromium o x i d e .  On 

t h e  o t h e r  hand ,  g e t t e r i n g  t y p e  ox ides  a r e  s u b j e c t  t o  the rma l  c o a r s e n i n g  as 

a r e s u l t  of t h e i r  scavenging  a c t i o n .  The MgO i n  Cr-30 d i s p l a y s  such 

b e h a v i o r  w i t h  t h e  r e s u l t  t h a t  a f t e r  a d u c t i l i z i n g  a n n e a l ,  d i s p e r s o i d  

p a r t i c l e  s i z e  i s  approximate ly  2-3 microns and IPS i s  approximate ly  25-30 

mic rons .  These parameters  a r e  a t  l e a s t  an o r d e r  of magnitude too  l a r g e  t o  

b r i n g  about  e f f e c t i v e  h igh  t empera tu re  s t r e n g t h e n i n g  and m i c r o s t r u c t u r a l  

s t a b i l i t y .  I n  o r d e r  t o  avoid  such  e x t e n s i v e  c o a r s e n i n g  of t he  o r i g i n a l  

m i c r o s t r u c t u r a l  p a r a m e t e r s ,  i t  is n e c e s s a r y  t o  s ta r t  w i t h  p u r i f i e d  powders 

which c o n t a i n  r e l a t i v e l y  low amounts of i n t e r s t i t i a l  i m p u r i t i e s .  A f t e r  

compact ion ,  t h i s  m a t e r i a l  would be  exposed t o  a h igh  t empera tu re  d u c t i l i z i n ;  

annea l  which would cause  t h e  r e a c t i o n  MgO -k C r E 0 3  t o  go t o  t h e  MgCrO, . 
S i n c e  t h e  i n t e r s t i t i a l  c o n t e n t  of t h e  s t a r t i n g  m a t e r i a l s  would be  very  low,  

t h i s  r e a c t i o n  would be minimized and void  fo rma t ion  reduced .  A f t e r  t h i s  

l i m i t e d  amount of g e t t e r i n g  w a s  completed,  growth of t h e  d i s p e r s o i d  would 

o c c u r  o n l y  a s  Ostwald r i p e n i n g .  D i spe r so id  p a r t i c l e  s i z e  would be expec ted  

t o  be  ex t r eme ly  s t a b l e  a s  a r e s u l t  of t h e  h i g h  s t a b i l i t y  of t h i s  s p i n e l  

coupled  w i t h  t h e  f a c t  t h a t  t h e  i n t e r f a c i a l  energy  ( d r i v i n g  f o r c e  f o r  growth) 

between chromium and t h e  s p i n e l  i s  of t h e  same o r d e r  of magnitude a s  t h e  

chromium g r a i n  boundary e n e r g i e s .  

An ox ide  d i s p e r s i o n  s t r eng thened  chromium a l l o y  w i t h  g e t t e r i n g  capa-  

b i l i t i e s  b u t  h igh  i n t e r s t i t i a l  c o n t e n t  o r  an a l l o y  w i t h  good s t a b i l i t y  bu t  

no g e t t e r i n g  a b i l i t y  a r e  bo th  u n d e s i r a b l e  end p r o d u c t s .  The f i r s t  a l l o y  

would have good low t empera tu re  d u c t i l i t y  a f t e r  g e t t e r i n g ,  bu t  poor h igh  

' !  
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I 
I 
I 
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1 
I 
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t e m p e r a t u r e  s* rength  a s  t h e  r e s u l t  of t h e  m i c r o s t r u c t u r a l  i n s t a b i l i t i e s  of 

d i s p e r s o i d  growth,  void f o r m a t i o n ,  and r e c r y s t a l l i z a t i o n .  The a l l o y  w i t h  

good d i s p e r s o i d  s t a b i l i t y  should  have e x c e l l e n t  r e s i s t a n c e  t o  f low a t  h igh  

t e m p e r a t u r e s ,  bu t  would be ex t remely  n o t c h - s e n s i t i v e  a t  low and i n t e r m e d i a t e  

t e m p e r a t u r e s  a s  a r e s u l t  of t h e  high i n t e r s t i t i a l  c o n t e n t .  The TD-nichrome 

a n a l o g  i n  which two d i f f e r e n t  d i s p e r s i o n s  c o e x i s t  i ndependen t ly  does  n o t  

a p p l y  h e r e ,  s i n c e  chromium ox ide  is  n o t  ex t r eme ly  damaging t o  t h e  n i c k e l  

m a t r i x  i n  TD-nichrome, whereas such h i g h  i n t e r s t i t i a l  c o n t e n t s  i n  chromium 

would seem t o  be comple te ly  unaccep tab le .  

The ca rbo the rmic  c l e a n i n g  p rocess  d e s c r i b e d  p r e v i o u s l y  should  p rov ide  

t h e  c r i t i c a l  s t e p  n e c e s s a r y  f o r  product ion  of d i s p e r s i o n - s t r e n g t h e n e d  

chromium a l l o y s  i n  which a s t a b l e  oxide  d i s p e r s o i d  may be main ta ined  a f t e r  

an i n i t i a l  g e t t e r i n g  a c t i o n .  I t  seems l i k e l y  t h a t  bo th  c l e a n i n g  and 

g e t t e r i n g  w i l l  s l i g h t l y  degrade  the  m e t a l l o g r a p h i c  parameters  achieved  i n  

t h e  a s -mi l l ed  powder b l e n d ,  b u t  improved d i s p e r s o i d  s t a b i l i t y  should  compensate 

t h i s  l o s s .  
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TABLE 1 

ELECTRON METALLOGRAPHIC PROCEDURES W E D  I N  PREPARING SMPIGES 

FOR QUANTPTATP$T M E X A W R A P H Y  

NO * PoI.ish i.ng Procedure Et,chant . Repl i ca  
---" 

1 Etch-polish Q s y n t r o n )  Kromic ( e l e c t r o l y t i c ) *  2 s t a g e  C - G e  shadow 

2 E l e c t r o p o l i s h  "(2 1 / g  1 y c er ine 2 s t a g e  C - Ge shadow 

3 Hand polish - short 
nap - diamond and 

Linde B HC l / g  l y c  er  i n e  

4 Hand p o l i s h  - shcrt 
nap - diamond and HCl /g lycer ine  

Linde B (Heavy e t c h )  

2 s t a g e  C - Ge shadow 

E x t r a c t i o n  r e p l i c a  

J: Kromic E t c h i n g  S o l u t i o n  - 100 ml. %O,, 50 ml. KOH, 50 g. K3Fe(iC"S,, 

5 g .  K+FE(CN), * 3H,O,  40 ml. Ham4, 20 g .  H,@,04, 5 - 10 voltss 
2 - 3 anps/cm2. 
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TABLE H I  

I 
I 
1 
1 
1 
R 
1 
1 
I 

I 
I 
I 
1 
I 
1 

C A H X P i  CQNTEhT OF AS-MILLED Madl C r  FQWWDERS AFTER APPLICATION 

OF VARIOUS TOLUENE DISPLACEMENT SOLVEWS 

Solvent  PPm c " 

Trich loroe thylene  5700 

Xylene 6100 

Benzene 6000 

Hexane 7800 

Ethyl  Alcohol 6200 

Acetone 6100 

TABLE 111 

CARBON CONTENT OF M&R C r  POWDERS 

AFTER HYDROGEN CLEANING* 

Run No of C y c l e s  70 c 
No. Environment Temp O F  ( 1  h r  H2i1/2 h r  vac) F i n a l  

1 Ha 1800 9 0.034 

- 

(99.92%) 

(99,999%) 
2 Hz 1800 9 0.54 

1800 3 H2 
(99.999%) 

4 1.04 

4 H2 1800 3 h r  Hz i 2 cycles 1.34 
(99.999%) 

(99.92%) 
5 % 1800 4 hr H2 1.92 

* S t a r t i n g  powder - M&R Cr-2.8 Mo-5 V/o MgO-0.25 each 
500 hrs/-50°F/toluene (7300 ppm C> . 

Remarks 

Powder blown ou t  of 
SS capsule  

Capsule b a c k f i l l e d  each 
cyc le  wi th  H e  be fo re  
s t a r t i n g  & f l o w  

No H e  used- capsule  
b a c k f i l l e d  d . i r e c t l y  w i t h  
fIz 
Thin l a y e r  of powder on 
Mo t r a y  

Thin l a y e r  of powder on 
Mo t r a y  

Hf, Th, Y .  B a l l  mi l led  
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TABLE VI 

OXIDATION RESULTS OF Cr-5 v/o Y,03-1.0Mo-.15 ea Hf, Th, Y 

Heat 
Temp 
- ("PI 

2000 

2000 

2400 

2400 

2600 

T i m e  
(hrs I 

10 

100 

10 

100 

10 

Av g . Weight 
Change 

(mg/cm2 I 

+ 2.21 

- 3.53 
+ 2.36 

- 9.45 
+ 109.0 
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FIGURE 8 F r e q u e n c y  D i s t r i b u t i o n  of MgO P a r t i c l e  S i z e s  i n  a 

C r - 5  " / o  Mg0-3.9% Mo-0.25 e a c h  H f ,  T h ,  Y Compact a s  a 

F u n c t i o n  of One Hour Vacuum A n n e a l i n g  T e m p e r a t u r e .  
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FIGURE 9 Thermal S t a b i l i t y  of Cr-5 v/o Y2O3-.9 Mo-.15 ea  H f ,  Y ,  Th 

Al loy  a f t e r  Carbothermic Cleaning  a t  2200°F/20 min/Zr 

(60 ppm C ,  0.83% Excess 02). ( a )  A s  Autoclaved.  

(b) Autoclaved + Extruded + 2400°F/10 hrs Thermal Exposure,  



M1280 

(a)  200OoF/5 min/Ta boat  

M1284 

(c) 2400°F/5 min/Ta boat  

M1282 

(b) 2200°F/5 min/Ta boat  

M1290 

(d) 2000°F/50 min/Zr boat  

FIGURE 10 M&R Cr-5 v/o MgO-1.0 Mo-.25 ea  Hf,Th,Y A l l o y s  after Carbothermic 

Cleaning According to Condit ions  Shown. A l l  Samples were 

D e n s i f i e d  by Autoclaving a t  2000OF for Two Hours a t  10 ksi. 
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(a) 22OO0F/5 min/Ta boat  
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(b) 2000°F/50 min/Zr b o a t  
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FIGURE 11 E l e c t r o n  Photomicrographs of C r - 5  " / o  MgQ, 1.0 Mo-.25 e a  

Y ,  T h ,  Hf Al loy  Shown i n  F i g u r e  10 ( b  and d )  . Germanium 

Shadowed Two S t a g e  Carbon R e p l i c a .  
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FIGURE 12 Disperso id  S t a b i l i t y  of Cr-5 v/o Y203-3.45% Mo-0% REA 

A l l o y  Containing 60 ppm C and 1 . 3 %  Excess Oxygen. 

(a)  As-Compacted. (b) As-Compacted + 2600°F/1 hr/vac. 
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FIGURE 13 Cr-5 v/o YzO,-.9 Mo-.15 REA Tensile Specimen: 

(a) Origina 1 Specimen Configuration for DBTT (top) , 
and Tensile Testing (bottom); (b) Macrophotograph of 

200O0F/vac Tensile Fracture; (c) Longitudinal Micro- 

structure of Fracture Gage Length Shown in (b). 
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FIGURE 14 I n s t r o n  Char t  Trac ings  Showing Load V e r s u s  Extension 

(Time) For t h e  DBTT of Cr-5 v/o Yz03-1Mo-0.15 H f ,  T h ,  Y .  

Each Extens ion  C y c l e  Corresponds t o  1% G .  


